Abstract: As part of a study directed toward design of good catalytic systems based upon a hydrophobic vitamin B 12 , heptamethyl cobyrinate perchlorate, we describe the preparation of various nanomaterials using the vitamin B 12 derivative and photosensitizers. Examples include vitamin B 12 -hyperbranched polymers (HBPs), human serum albumin (HSA) containing vitamin B 12 derivatives, a vitamin B 12 -titanium dioxide hybrid catalyst, a vitamin B 12 -Ru complex combined system, and a vitamin B 12 -rose bengal combined system. These bioinspired materials have the potential as catalytic systems for the degradation of organic halide pollutants and for molecular transformations via radical intermediates during irradiation by UV or visible light, and offer a variety of applications that are of great interest in terms of green chemistry.
INTRODUCTION
Naturally occurring holoenzymes are typical supramolecules composed of a specific apoprotein and an additional cofactor, such as a coenzyme or metal ions. An apoprotein generally provides a binding site for both specific coenzyme and substrate molecules, which are well separated from the bulk aqueous phase. Thus, an enzyme's active site turns out to be sufficiently hydrophobic and hardly holds water molecules. Under such conditions, the reacting species become efficiently naked, therefore, the reactivity is significantly enhanced due to thermodynamic reasons. In this study, we designed artificial enzymes with organic/inorganic hybrid nanomaterials as bioinspired catalysts as shown in Fig. 1 .
bon macro-ring. The porphyrin is a dianionic ligand, on the other hand, the corrin ring is a monoanionic ligand. Therefore, the corrin ring can stabilize the low oxidation states of the central cobalt.
Two coenzymatically active forms of vitamin B 12 exist; i.e., adenosylcobalamin and methylcobalamin, as shown in Fig. 2 . The B 12 -dependent enzymes catalyze various molecular transformations. As examples, the rearrangement reactions as typified by the conversion of methylmalonyl-CoA to succinyl-CoA, the methylation reaction as in the synthesis of methionine, and the dehalogenation reaction of perchloroethylene (PCE), as shown in Fig. 3 . These B 12 -dependent enzymic reactions have been reviewed in the literature [1] [2] [3] [4] [5] .
We have been dealing with a hydrophobic vitamin B 12 , which has ester groups in place of the peripheral amide moieties of the naturally occurring vitamin B 12 as shown in Fig. 4 [6] . We have reported various functional simulations, mainly isomerization reactions leading to the intramolecular exchange of a functional group and a hydrogen atom, using hydrophobic vitamin B 12 derivatives as catalysts [7, 8] . During the course of these studies, hydrophobic vitamin B 12 derivatives were found to act as excellent model compounds for the functional simulation of the vitamin B 12 enzyme.
It has been demonstrated that certain bacteria can use tetrachloroethane as electron acceptors by reducing it to cis-dichloroethane. An enzyme, the so-called reductive dehalogenase, contains cobalamin (vitamin B 12 ) as a cofactor. A Co(I) species of cobalamin is a supernucleophile and reacts with an alkyl halide to form an alkylated complex by dehalogenation. We first focused on the catalysis of a vitamin B 12 derivative for the degradation of various halogenated organic pollutants. Among the chlorinated organic compounds, 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane (DDT) is characterized by a pronounced insecticidal property and has been used worldwide for the last several decades despite its known hazardous effects on human health and wildlife. Because of recent environmental concerns, there is a pressing need for efficient degradation methods of such chlorinated compounds accumulated in the soil. Therefore, much attention has focused on the reaction between the hydrophobic vitamin B 12 and DDT. We constructed an artificial reductive dehalogenase system using a photosensitizer and hydrophobic vitamin B 12 .
RESULTS AND DISCUSSION

B 12 -Ru photosensitizer system
A photoredox compound was utilized for the activation of B 12 to form Co(I) species by light irradiation. An inorganic complex, [Ru(bpy) 3 ]Cl 2 (where bpy is 2,2 -bipyridine), is widely used as a photosensitizer due to its ability to mediate electron transfer [9, 10] . 3 ]Cl 2 photosensitizer was also achieved using an ionic liquid as the reaction medium. The reaction proceeded with almost the same efficiency in the 4 th run. The recovery of the hydrophobic vitamin B 12 in an ionic liquid was over 90 % based on UV-vis and MS analyses. Therefore, the hydrophobic vitamin B 12 is a tough and excellent catalyst in the reaction. The formation of the reactive Co(I) form of B 12 was confirmed by the electron spin resonance (ESR) spectral change in this system [12] . Although the B 12 complex showed a high catalytic efficiency during the reaction, an excess of the photosensitizer (50 times mol of B 12 derivative) was required for the reaction. To alleviate this problem, we synthesized a new B 12 catalyst with a hybrid polymer [13] . This hybrid polymer was synthesized by the radical polymerization of a B 12 derivative and a Ru complex having styrene moieties in each peripheral position as shown in Fig. 6 , and the hybrid polymer showed a photocatalytic activity for the molecular transformation by visible light irradiation. To emphasize this polymer-supported effect, a catalytic reaction was carried out at a more dilute concentration. The dehalogenation reaction efficiently proceeded even in the dilute solution.
B 12 -HSA artificial enzyme using Ru photosensitizer
A new artificial enzyme can be constructed using human serum albumin (HSA) and vitamin B 12 derivatives as shown in Fig. 7 . HSA is the most prominent protein in plasma, and serves as a transporter for hydrophobic molecules in vivo. We used HSA as an apoenzyme model for construction of an artificial Bioinspired catalysts with photosensitizers 1419 B 12 enzyme. The incorporation of the hydrophobic vitamin B 12 derivatives into HSA is primarily controlled by the hydrophobicity of the peripheral ester groups [14] . We used the heptapropyl ester derivative as the hydrophobic vitamin B 12 . The microenvironmental property around the hydrophobic vitamin B 12 in HSA was examined by fluorescence and fluorescence polarization measurements. The hydrophobic vitamin B 12 itself in HSA is in a microenvironment equivalent in medium polarity to dichloromethane. We added [Ru(II)(bpy) 3 ] (6.25 × 10 -5 M), as a photosensitizer, to a B 12 -HSA artificial enzyme (1.25 × 10 -6 M), and then carried out the degradation of DDT (1.25 × 10 -5 M) in an aqueous phosphate buffer. In this system, the hydrophobic DDT was incorporated into the HSA in an aqueous solution. During visible light irradiation, the Ru complex was activated to form [Ru(bpy) 3 ] + in the presence of triethanolamine (TEOA) as a sacrificial reductant. A super-nucleophilic Co(I) species was formed by the electron transfer from [Ru(bpy) 3 ] + to the vitamin B 12 derivative in HSA. The Co(I) species reacted with DDT to form dehalogenated compounds. As a result, the DDT was decomposed to form dechlorinated compounds, such as DDD (430 % yield based on B 12 -HSA) and 1,1-bis(4-chlorophenyl)-2,2-dichloroethylene (DDE) (180 % yield based on B 12 -HSA). This artificial enzyme is very useful for the degradation of organic halide pollutants in aqueous solutions.
B 12 -TiO 2 hybrid catalytic system
Titanium oxide (TiO 2 ) was also utilized as a photosensitizer to mediate the electron transfer toward B 12 (Fig. 8) . It is well known that TiO 2 generates an electron-hole pair under band-gap excitation by UV light irradiation [15] [16] [17] B 12 was then reduced to the Co(I) state by UV light irradiation (365 nm). The B 12 -TiO 2 hybrid catalyst effectively dehalogenated various organic halides, such as DDT, DDD, and phenethyl bromide [18] . For example, the starting phenethyl bromide almost completely disappeared, and ethylbenzene and 2,3-diphenylbutane (mixture of racemic and meso) were produced in 76 and 4 % yields, respectively. The turnover number based on the B 12 catalyst immobilized onto the TiO 2 was over 100. The powder type B 12 -TiO 2 hybrid catalyst can be immobilized on a glass plate as shown in Fig. 9 , and the immobilized catalyst (hybrid glass) shows an efficient reactivity for the dechlorination of PCE to trichloroethylene (TCE) and 1,2-dichloroethylene (E/Z) with the product yields of 43 and 1/1 %, respectively, by UV light irradiation (black light, 365 nm) [19] . The B 12 -TiO 2 hybrid catalyst was also effectively used for the radical reactions, such as the 1,2-migration of the phenyl group of 2-bromomethyl-2-phenylmalonate and 1,2-migration of the acyl group of alicyclic ketones leading to ringexpansion during UV light irradiation [20] . The reaction mechanism was also investigated by an ESR spin-trapping technique and DR-UV-vis spectral change [21] . The Co(II) form of B 12 is reduced to the Co(I) state by electron transfer from the TiO 2 during UV light irradiation. The hole was quenched by the solvent, ethanol (or TEOA). The corresponding alkylated complex is generated by the reaction of the supernucleophilic Co(I) with the substrate. The Co-C bond of the alkylated complex is subsequently cleaved by photolysis to form the radical intermediate, which was detected by an ESR spin-trapping experiment. The present system was clean and economical in contrast to the conventional toxic chemical reagent from the viewpoint of green chemistry. Therefore, the present photosensitizing system would be readily applicable for the design of an eco-friendly catalyst. 
B 12 -hyperbranched polymer
The use of soluble polymers as catalyst supports has attracted significant interests due to their potential as alternatives to the traditional solid-phase synthesis [22] [23] [24] [25] [26, 27] . The modification procedure does not affect the intrinsic properties of the constituent B 12 derivative and the B 12 moieties of the hybrid compound are sufficiently solvated with the solvent molecules in solution. In addition, the cobalt centers of the B 12 -HBP were accessible for the pyridine guests. These results suggest that the B 12 -HBP can serve as a promising homogeneous catalyst with respect to good accessibilities for the substrates. As already described, TiO 2 serves as an effective electron mediator toward B 12 . Thus, we constructed a multicomponent catalytic system constructed of the B 12 -HBP and TiO 2 photosensitizer as shown in Fig. 10 [27] . Catalytic reactions were conducted using the suspension of TiO 2 in a methanol solution of B 12 -HBP. The B 12 -HBP showed a high reactivity to the 2-phenethylbromide in methanol in the presence of TiO 2 and UV light (black light, 365 nm) irradiation as shown in Fig. 10 . The turnover number based on the B 12 content is ca. 100, and the reactivity of the B 12 -HBP is comparable to or slightly higher than that of the hydrophobic vitamin B 12 
B 12 -rose bengal system
The use of organic photosensitizers is a promising method for the construction of eco-friendly catalytic systems due to their ready availability and low cost [30] . To achieve a noble-metal-free and visiblelight-driven catalytic process, we have successfully replaced [Ru(bpy) 3 ]Cl 2 in the previous B 12 -Ru(bpy) 3 2+ system with rose bengal, a well-known xanthene dye, as shown in Fig. 11a 440 nm) , the B 12 -rose bengal system catalyzed the dehalogenation of various toxic alkyl halides, such as DDT, DDD, alachlor and bromoacetic acid, in more than 90 % conversions. The good stability of rose bengal in the present system enabled the efficient electron transfer from the electron donor (TEOA) to the final acceptor (DDT) to afford ~1000 turnovers relative to rose bengal. This system served as a simplified analogy for the electron transport chain which involved the B 12 -dependent dehalogenases.
Using the radical generation capability of the alkyl-cobalt complex form of the hydrophobic vitamin B 12 under the photochemical conditions, the B 12 -rose bengal system also catalyzed several radicalinvolved organic reactions. The B 12 -rose bengal system achieved a C-C bond formation through the 1,4-radical addition to methyl acrylate in 47 % yield. The B 12 -rose bengal system also catalyzed the 1,2-migrations of the acyl group of an alicyclic ketone leading to a ring-expansion in 59 % yield. It should be noted that this noble-metal-free system can serve as an effective alternative for traditional organic syntheses with tin hydrides to access radical chemistry.
CONCLUSION
In this review, we have summarized our studies of the catalytic simulations and the application reactions of B 12 enzymes with bioinspired systems. Hybrid catalysts, comprising synthesized metal complexes and nano-space materials, simulate the active center of the B 12 enzyme, and enable various molecular transformations to be photochemically performed. These processes include environmentally friendly organic syntheses as well as degradation reactions of organic halide pollutants. Although the B 12 complex shows a high catalytic efficiency, a photosensitizer is necessary to initiate the reaction. If a B 12 complex could be designed to display the dual properties of photosensitization and catalysis, we suggest that this would enable catalytic reactions to proceed in the absence of an added photosensitizer. To meet this challenge, we recently started to explore the photosensitizing property of cobalamin derivatives, and have determined the unique photosensitizing property of the B 12 ionic liquid [32] . Combining the benefits of natural enzymes and engineering methods offers the possible development of a new catalyst system that may exceed the efficiency of analogous biological reactions. Further developments involving bioinspired catalysts can thus be expected to play an important role in the next generation of science and technology.
